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Abstract 
This paper describes the effects of nonstructural brick infills on the seismic performance of reinforced 
concrete (R/C) buildings. Experimental and analytical studies were conducted focusing on an Indonesian 
earthquake-damaged building due to the 2007 Sumatra earthquakes. Structural details of the building are 
summarized herein. 
A brick wall was extracted from the earthquake-damaged building and transported to Japan from 
Indonesia to experimentally evaluate its seismic performance. Two R/C single-bay frame specimens were 
constructed, and the imported wall was installed in one of the specimens. Comparing the seismic 
performance of specimens with and without the brick infill through quasi-static cyclic loading tests, the 
effects of infill on the overall frame performance were quantitatively evaluated. 
Moreover, the seismic performance of the earthquake-damaged building was evaluated numerically considering the 
findings of the tests. In particular, the contributions of nonstructural brick infills to the seismic performance were 
discussed through the probabilities of collapse computed under several artificial earthquake ground motions. 
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1. Introduction 
The authors conducted a post-earthquake field investigation in Padang, which is the capital of West 
Sumatra province, Indonesia, after the 2007 Sumatra earthquakes (Maidiawati and Sanada 2008). The 
investigation focused on two reinforced concrete (R/C) buildings, standing side by side: one totally 
collapsed and the other was moderately damaged. Although the buildings were structurally similar, one of 
them suffered severe damage. According to our investigation, the amount of non-structural brick infills 
was significantly larger in the surviving building. Moreover, several past studies pointed out that brick 
infills affected seismic behavior of R/C buildings (e.g. Hashemi and Mosalam 2007). Therefore, a series 
of structural tests was planned to evaluate the structural performance of brick infills used in the surviving 
building. Moreover, a numerical study was also conducted to show the effects of brick infills on the 
seismic performance of the building based on the test results. 
2. Outline of Surviving Building 
The surviving building was a 3-story R/C building. Figure 1 shows the building after the earthquakes with 
the ground floor plan and the first story column details. Non-structural brick infills were used mainly for 
partition walls. According to our previous investigation (Maidiawati and Sanada 2008), the damage grade 
of this building was classified as “moderate” for the first story. Comparing the structural details between 
this building and the other collapsed one, the authors pointed out that the former might survive because of 
its larger amount of infills when the earthquake event. 
   
Figure 1: Surviving building. 
3. Test Specimens 
To experimentally clarify the structural contributions of non-structural brick infills to the seismic 
performance of R/C buildings, a brick wall was extracted as a test specimen from the surviving building, 
as shown in Figure 2. The size of the brick wall was about 1500 x 1500 mm. Then, it was transported to 
Toyohashi University of Technology, Japan from Indonesia, as shown in the figure. 
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Figure 2: Preparation of brick wall specimen. 
Two 1/2.5 scale R/C single-bay frame specimens were prepared: one bare frame (BF) and the other 
with the imported brick wall (IF). The R/C frames represent the first story of the surviving building 
shown in Figure 1. The cross-sectional dimensions of the columns were 140 x 140 mm, with 4-ˢ 9 
longitudinal rebars and 2-ˢ 4@120 transverse hoops. The clear height of columns was 1000 mm. Figure 
3(a) shows the configuration and bar arrangements of BF specimen. The imported brick wall was 
installed in the other specimen, as shown in Figure 3(b), after it was cut to dimensions of 1420 mm in 
width x 960 mm in height, as shown in Figure 4. However, the wall thickness of 140 mm was not reduced 
because of technical difficulties related to scale reduction. Mortar was produced with a volume ratio of 
cement : sand : water = 1 : 4 : 0.5, and applied between the main frame and inserted wall as a joint 
material. The thickness of the mortar joint was 20 mm, as shown in Figure 3. Initial slight damage was 
observed to the infilled wall. The mechanical properties of concrete, mortar, and reinforcements used for 
the specimens are shown in Table 1. 
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 (a) BF specimen (b) IF specimen 
Figure 3: Specimens. 
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Figure 4: Installation of brick wall. 
Table 1: Material properties 
Concrete (mortar) Reinforcement 
Specimen 
Material age, 
Day 
Compressive 
strength, 
N/mm2 
Tensile strength,
N/mm2 
Bar number 
Yield strength, 
N/mm2 
Tensile 
strength, 
N/mm2 
BF 44 19.6 1.89 I 9 355 440 
IF 37 20.6 1.96 I 4 583 631 
IF (mortar) 42 10.0 3.33    
4. Test Methods 
The specimens were tested at the testing facility in Toyohashi University of Technology. Figure 5 
shows the experimental set-up. The specimens were subjected to a constant axial load of 183.4 kN based 
on the calculated weight of the surviving building. Then, reversed cyclic lateral loads were applied. Drift 
angle R (rad.), ratio of lateral displacement to column height, was used to control incremental loading. 
Figure 6 shows the lateral loading history. When the specimens failed, however, loading was stopped. 
The shear span to depth ratio (= hw/lw in Figure 5) of the specimens was maintained at 0.75 throughout the 
tests so that lateral loads were applied at an assumed second floor height of 1200 mm. 
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 Figure 5: Test set-up. Figure 6: Lateral loading history. 
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5. Test Results 
Figure 7 compares the lateral force vs. drift ratio, R relationships between the specimens. The 
maximum lateral strengths of 36.8 kN and 174.0 kN were observed at 2.0% and 0.5% drift ratios for BF 
and IF, respectively. The deformation capacities, which were defined as a deformation where post-peak 
strength dropped to 80% of the peak strength, were 2.8% and 1.6% for BF and IF, respectively. After 
installing the non-structural brick infill, strength increased to 4.7 times, but ductility decreased to about 
half. The incremental strength due to the wall was evaluated at the maximum strength of IF in Figure 7(b) 
by Eq. (1). As a result, the averaged shear strength of the brick wall was 0.73 N/mm2. 
w
BFIF
A
QQ 
 W  (1) 
where, W : averaged shear strength of brick wall, QIF: maximum lateral strength of the IF specimen, QBF: 
lateral force of BF specimen at the drift where QIF was recorded, Aw: cross-sectional area of brick wall. 
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 (a) BF specimen (b) IF specimen 
Figure 7: Lateral force-drift ratio relationships. 
Therefore, it seems that infill walls used in the investigated building strongly contributed to prevent 
the building from completely collapsing during the earthquakes. 
However, these results were obtained from the infilled specimen prepared according to the actual 
construction quality (relatively good quality) observed in the surviving building. Therefore, 
poor/excellent masonry construction may affect contributions of infills. 
6. Analytical Discussions 
Based on the test results, numerical analyses were also conducted to investigate the contributions of 
brick infills to the seismic performance of survived building shown in Figure 1. Therefore, two analytical 
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models were considered—one with and one without infills. The following numerical models were applied 
to the analyzed building: 
1. Columns were replaced by line elements representing nonlinear flexural behavior using Takeda model 
and linear shear and axial behavior. 
2. Beams were replaced by line elements representing linear flexural, shear, and axial behavior. 
3. Beam-column joints were assumed to be rigid. 
4. Spandrel walls were considered as rigid zones for columns. 
5. Fixed base and rigid floors were assumed. 
6. In the cases of analyses considering infills, their performance curves were represented by bilinear 
flexural behavior, as shown in Figure 8(a). Lateral strength of each infill was evaluated by multiplying 
its cross-sectional area by the averaged shear strength of 0.73 N/mm2 from the tests. A slip model 
shown in Figure 8(b) (E = 0.01%) was used for hysteresis rules. 
         
 (a) Performance curve (b) Hysteresis model 
Figure 8: Modeling of Iniflls. 
7. Moreover, although the deformation capacity for columns was defined to be 2.8%, that was reduced to 
1.6% when considering infills based on the test results. 
Eight artificial earthquake ground motions were generated assuming a bilinear function for the Fourier 
amplitude spectrum, as shown in Figure 9, and Gaussian envelopes with different standard deviations (ı = 
0.01, 0.02, 0.04, 0.06, 0.10, 0.14, 0.20, 0.26 (x 2ʌ rad.)) for the phase difference spectra (Kuwamura et al. 
1997). Table 2 summarizes the input motions, and Figure 10 shows the acceleration response spectra at 
5% damping. The Sa index in Table 2 means averaged spectral acceleration for the range from 0.47 to 
0.54 sec., which covers the fundamental periods of analytical models. Ground motions were scaled to the 
specified levels of Sa up to 30.0 m/sec.2 every 1.0 m/sec.2 (Talaat and Mosalam 2009). 
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Figure 9: Assumed Fourier amplitude spectrum. Figure 10: Acceleration response spectra. 
Table 2: Generated input ground motions 
Name 
Assumed V 
(x 2S rad.) 
PGA 
(m/sec.2) 
Sa 
(m/sec.2) 
Art1 0.01 9.872 16.757 
Art2 0.02 8.906 13.114 
Art3 0.04 7.260 14.176 
Art4 0.06 5.963 11.165 
Art5 0.10 3.851 8.746 
Art6 0.14 2.931 6.571 
Art7 0.20 2.955 6.996 
Art8 0.26 2.507 5.769 
 (a) Without infills (b) With infills 
Figure 11: Examples of analytical results. 
2084  Y. SANADA et al. / Procedia Engineering 14 (2011) 2077–2085
 
Figure 12: Comparison of fragility curves. 
Examples of the analytical results are shown in Figure 11, which gives the time history of the first 
story drift in each case under the Art 2 motion, scaled to Sa of 8.0 m/sec.2, in Table 2. The figure means 
that the case with infills did not exceed the deformation capacity defined above, while the case without 
infills collapsed around 16 sec. Moreover, the probability of exceeding the deformation capacity for each 
model at each spectral acceleration level was computed and is plotted in Figure 12. A significant 
difference between the seismic performance of both analytical cases clarifies the contributions of brick 
infills to the seismic performance of the investigated building. 
7. Conclusions 
Structural contributions of nonstructural brick infills to the seismic performance of R/C buildings were 
investigated based on an Indonesian earthquake-damaged building. Major findings from experimental and 
analytical investigations are summarized as follows. 
1. Two R/C single-bay frame specimens were constructed representing the first story of the earthquake-
damaged building. Moreover, a brick wall was extracted from the building, transported to Japan from 
Indonesia, and installed in one of the specimens. These specimens were prepared to experimentally 
clarify the effects of brick infills on the seismic performance of the building. 
2. Seismic loading tests on the specimens were carried out to quantitatively obtain the structural 
contributions of the brick infill to the seismic performance of R/C frame. As a result, the brick infill 
was found to significantly increase the strength of overall frame. The averaged shear strength was 0.73 
N/mm2 in this case. 
3. Earthquake response analyses of the earthquake-damaged building were also conducted based on the 
test results. It was found that nonstructural brick infills significantly decreased the probability of 
collapse, namely, increased the seismic performance. 
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